In a photometric variability survey of 131 stars with B 14 mag, we have found four new δ Scuti stars. We were sensitive to oscillation amplitudes as low as a few mmag. The detection rate of short-period (P < 0.1 d) pulsating variable stars, which may be relevant for planned large variability surveys such as GAIA, POI, and even the LSST, was therefore 3%. All four new variable stars have low pulsation amplitude (tens of mmag), and one has a very short period (0.0198 d). This star is one of the fastest known δ Scuti pulsators. The short period of this variable star makes it observationally tractable, and it may therefore be a particularly good candidate for asteroseismological studies. All four new variable stars will add to the cadre of low-amplitude and relatively short-period δ Scuti stars that are potentially useful for learning about the structure of stars on or near the main sequence, slightly more massive than the Sun.
Introduction
δ Scuti stars are pulsating A-type or F-type stars with mass M ≈ 1.5 − 2.5 M ⊙ that lie in the classical Cepheid instability strip. They are usually on or near the main sequence (luminosity class V -III; Guzik 1997), and they pulsate radially, as well as non-radially in pressure (p) and sometimes gravity (g) modes. The pulsation instability is driven by opacity changes related primarily to the second ionization of He (κ-mechanism; Gautschy & Saio 1996) . The photometric oscillations of the high-amplitude δ Scuti stars (HADS), which are defined as those with ∆V > 0.3 mag (Breger 2000) , are generally dominated by the radial fundamental mode. In contrast, the variations seen in the lower-amplitude δ Scuti stars consist of multiple non-radial and radial p-(and g-) mode oscillations. Most δ Scuti stars are Population I objects, some of which show chemical peculiarities (Rodríguez & Breger 2001; Morgan & Abt 1972) .
In the course of a search for rapid optical variations in symbiotic binary stars, Sokoloski, Bildsten, & Ho (2001; hereafter SBH) observed 131 stars in the fields of 35 symbiotic stars, primarily in the northern hemisphere. We describe here the serendipitous discovery of variability in 4 of these stars, referred to as SBCF 1-4. One new variable object, SBCF 1, is quite clearly a δ Scuti star, and given their oscillation periods and colors, the three others are probably δ Scuti stars as well. A fifth star from the sample, SAO 31628, was found to be an eclipsing binary, and the observations and ephemeris for this system are presented in Sokoloski & Stone (2000) . SBCF 1 has a 0.0198-d pulsation period, which is shorter than all but 3 of the 636 δ Scuti stars (with periods ranging from 0.0156 to 0.2878 d) listed in the catalogue of Rodríguez et al. (2000) . Very rapidly pulsating main-sequence δ Scuti stars, such as this one, can potentially be useful targets for study and mode identification, since good frequency coverage can be obtained with a smaller temporal baseline than for the more slowly pulsating systems. Analysis of the pulsation frequencies of δ Scuti stars provides an opportunity to test models of stellar structure and evolution, estimate the ages of stars, and determine the distances to stars through the use of a period-luminosity(-color-metallicity) relationship. To perform this asteroseismology, however, it is necessary to identify the oscillation modes (i.e., the spherical harmonic degree l, the azimuthal order m, the radial degree (overtone) n or k, and whether the mode is a p mode, g mode, or mixed).
A new generation of survey experiments are being planned or are under way that are geared specifically to the broad study of variable stars or asteroseismology, such as the GAIA space mission (Perryman et al. 2001) Akerlof et al. 2000) , ASAS (the All Sky Automated Survey; Pojmański 2000), the Hungarian Automated Telescope (Bakos 2001) , the Faint Sky Variability Survey (Groot et al. 1999) , the Panoramic Optical Imager Project (POI; Kaiser et al. 2002) , and eventually the Large-aperture Synoptic Survey Telescope (LSST; Tyson & Angel 2001) . Large numbers of new δ Scuti variables are expected to be found as a result of these projects (Eyer & Cuypers 2000) . Estimates, however, are often based upon previous large surveys, such as Hipparcos, that are not sensitive to short-period pulsations, so there is much uncertainty in these predictions for new δ Scuti stars. Although our survey was very small compared to Hipparcos, we were sensitive to shorter-period pulsations, and so this work provides a glimpse of the variability fraction of short-period variable stars outside of open clusters (where most previous small surveys with similar sensitivity have been done).
We briefly describe our survey in §2. The observations and results for the individual new variable stars are presented in §3 through §6, and we discuss our conclusions in §7.
Observations
Between 1997 and 1999, we performed a variability survey at UCO/Lick Observatory, with the 1-m Nickel telescope, in order to search for rapid variations in symbiotic binary stars. Details of these observations and the aperture photometry can be found in SBH. We were sensitive to oscillations with periods in the range of a few minutes to several hours, and amplitudes down to a few mmag. Only stars with B 14 mag were considered. The periods for the pulsating variable stars discovered in this way range from approximately 0.02 to 0.1 d, and the full B-band oscillation amplitudes ranged from 10 to 75 mmag.
On 2001 November 18 (UT is used throughout this paper), to follow up on one of the variable star discoveries, we obtained a moderateresolution spectrum of SBCF 1 using the Echellette Spectrograph and Imager (ESI; Sheinis et al. 2000) on the 10-m Keck II telescope. A single 300-s exposure in good conditions with a 1 ′′ slit gave a spectral resolution of ∼ 75 km s −1 over the range 3950-10400Å. In order to get better spectral coverage in the near-ultraviolet, we re-observed the object on 2002 January 18 for 300 s with the Low Resolution Imaging Spectrometer (LRIS; Oke et al. 1995 ) mounted on the 10-m Keck I telescope. The 0.7 ′′ slit provided a resolution of 3.3Å over a wavelength range of 3350-5380Å on the blue arm of the spectrograph and 2.0Å over 5700-7000Å on the red arm. The slit was aligned with the parallactic angle to minimize the effects of atmospheric dispersion (Filippenko 1982 ) for both observations. Each two-dimensional exposure was processed using the standard CCD reduction packages in IRAF 1 . Flux calibration and removal of telluric absorption features (Wade & Horne 1988) were accomplished in IDL using our own tasks (Matheson et al. 2000) . The individual ESI orders were reduced separately and then rebinned to a common wavelength scale before being added together. a Coordinates are J2000. Coordinates for SBCF 1 are from the USNO-A2.0 catalogue, for SBCF 2 and SBCF 4 are from the Tycho-2 main catalogue (Høg et al. 2000) , for SBCF 3 are from the Guide Star Catalogue. 
SBCF 1: A Very Short Period Pulsator
In the field of the symbiotic system AX Persei, we found an oscillating star with a dominant period of 0.0198 d, and a total peak-to-peak amplitude of 35 mmag. This star does not have an SAO or HD number (in the USNO-A2.0 catalogue, it is designated 1425-02166463), so we shall follow a recommendation from the IAU (L. Dickel, private communication) and refer to it as SBCF 1. It is roughly 0.8 mag fainter than AX Per (in quiescence) in both of our observations. From Munari et al. (1992) , the B magnitude of AX Per in quiescence is 13.0, so the B magnitude of SBCF 1 is approximately 13.8 (see Table 1 for the average magnitudes of the new variable stars). There is no object in the SIMBAD database at this position. The finder charts for this and the other new δ Scuti stars are shown in Figure 1 , and the coordinates of all objects are listed in Table 1 .
We show the light curves from our two observations of SBCF 1 in Figure 2 . The first observation, on 1998 January 23, was done under cloudy conditions. Consequently, the light curve from this night has data gaps and is of generally poor quality. During the second observation, however, on 1998 Septempber 15, the conditions were good, and the signal is clear. Furthermore, the 1998 September 15 observation was performed with a more sensitive CCD, and so we were able to obtain higher temporal resolution. The light curve from this date reveals that the oscillation amplitude is variable, and that the object is therefore multi-periodic. In fact, at least two oscillation periods can be identified using the phase dispersion minimization method (Stellingwerf 1978) , one at 0.0198 ± 0.0001 d, and another at 0.0265 ± 0.0006 d. The 0.0198-d oscillation has an amplitude of 24 mmag, as determined by folding the light curve with that period, and the 0.0265-d oscillation has a smaller amplitude of roughly 10 mmag peakto-peak, using the same folding method. Both oscillations have near-sinusoidal profiles. Folding the light curve from January, and again using the phase dispersion minimization method, we recover an oscillation with period P = 0.0197 ± 0.0002 d, consistent with the stronger of the two oscillations detected in 1998 September. The parameters for SBCF 1 and the other new variable stars are listed in Table 2 .
The spectrum of SBCF 1 is shown in Figure et al. (1990) , and all but 3 of 636 the stars listed in the catalog of Rodríguez et al. (2000) . To investigate the luminosity class, we examined the Balmer-line profiles and the equivalent width of the O I λ7774 line. We estimated the rotational line broadening by looking at the halfintensity width of the Mg II λ4481 line in our first, higher resolution Keck spectrum. Comparing the λ4481 half-intensity value of 2.8Å to the halfintensity widths of the standard stars with similar spectral types listed in Slettebak et al. (1975) , we find v sin i = 115 ± 5 km s −1 . The Balmer-line profiles indicate that the star is not significantly evolved. The small O I λ7774 equivalent width of 0.7-0.8Å confirms that SBCF 1 is a mainsequence star (Jaschek & Jaschek 1987) , and the spectral type is thus A2V. Luminosity class V is in fact expected, since δ Scuti stars with low amplitudes and short periods are generally not evolved (Rodríguez & Breger 2001) . Furthermore, the measured value of v sin i for SBCF 1 is very close to the average value for early A main-sequence stars Fig. 2. -Differential B-band light curves from our two observations of SBCF 1. The first observation was severely affected by clouds, but the 0.0198-d oscillation is evident in both observations. In the 1998 September 15 light curve, the oscillation amplitude appears variable, indicating the likely presence of more than one oscillation mode. In fact, a second oscillation with a period of 0.0265 d is detected. The time between data points is 118 s and 66 s for the two observations, respectively. (Jaschek & Jaschek 1987) . From the Schlegel, Finkbeiner, & Davis (1998) dust map, the reddening toward SBCF 1 is E(B − V ) = 0.23 mag. Taking the absolute magnitude M V = +1.3 mag for an A2 main-sequence star (Schmidt-Kaler 1982), A V = 0.7 mag, and the measured apparent magnitude, we find that SBCF 1 is roughly 2 kpc away. This distance estimate justifies the assumption that SBCF 1 is behind the full column of extinction, given its Galactic latitude of −8
• . For a spectral type A2V, we can estimate the pulsation constant
(where Π is the pulsation period, R is the stellar radius, and M is the stellar mass; ChristensenDalsgaard 1993). Using the expression log Q = −6.454−log f +0.5 log g+0.1M bol +log T ef f (where f is the pulsation frequency in cycles/day, M bol is the bolometric magnitude, and T ef f is the effective temperature; Breger & Bregman 1975) , and taking log[g/(cm s −2 )] = 4.2, M bol = +1.1 mag, and log(T ef f /K) = 3.953 (Schmidt-Kaler 1982), we find Q ≈ 0.010 for the 0.0198-d oscillation, and Q ≈ 0.014 for the 0.0265-d oscillation. These values are obviously only approximate, since g, M bol , and T ef f are all very uncertain, but they are nonetheless interesting. Q is low and therefore suggests high-degree non-radial or high-order radial oscillations. Non-radial oscillations with high l value are not expected to have the relatively large amplitude that we observe (Balona & Dziembowski 1999) , so the oscillations are probably high-overtone radial pulsators. High-overtone, low spherical harmonic degree pulsations (e.g., l = 1 or l = 2) are also a possibility (J. Guzik, private communication). Koen et al. (1999) presented a similar argument for high-order radial oscillations in another very short period δ Scuti star, HD 23194 (P = 0.0204 d).
SBCF 2 (GSC 02137-00847)
Contained in the field of the symbiotic star BF Cygni is the star SBCF 2 (= GSC 02137-00847 = TYC 2137 847 1). There is no indication from the SIMBAD database that this star is variable, but a quick look at the three light curves in Figure 4 reveals very significant oscillations. The variations are not simply repeatable, as we would expect for a binary, so they are likely due to stellar pulsation. ¿From the light curves, it is also apparent that more than one pulsation mode is present, and that the peak-to-peak amplitude in B can reach more than 70 mmag. The first light curve, from 1997 Apr 6, can be fit with a sine curve with period 0.064 d and peak-to-peak amplitude of 74 mmag. The second and third light curves, from 1997 Jul 11 and 1998 Jul 1, each require two sine components. From the 1997 Jul 11 observation, we find sinusoidal oscillations with P = 0.06 d (55 mmag peak-to-peak) and P = 0.12 d (32 mmag peakto-peak), but since the 0.012-d period is close to the length of the latter observation, we consider the detection marginal. We fit the longest light curve, from 1998 July 1, with a double sine wave, and find periods of 0.094 d (35 mmag peak-topeak) and 0.060 d (36 mmag peak-to-peak). Given the uncertainty in the measured periods, it is possible that the 0.064-d oscillation on that day is From the Tycho-2 main catalogue (Høg et al. 2000) , the magnitudes for this object are B T = 11.537 ± 0.069 mag and V T = 11.092 ± 0.076 mag. Converting these values to the Johnson system (using the expressions from the Tycho catalogue description), we find V = 11.05 ± 0.083 mag, B−V = 0.38±0.09 mag, and thus B = 11.43±0.12 mag. The reddening from Schlegel et al. (1998) at the position of SBCF 2 is E(B − V ) = 0.287 mag, so for this star, −0.06 ≤ (B − V ) 0 ≤ 0.47 mag. This range of (B − V ) 0 corresponds to an Aor F-type star, which is exactly what we expect for a δ Scuti pulsator. Therefore, given the oscillation period, light-curve shape, intrinsic color (B − V ) 0 , and pulsation amplitude (which ranges from 3 mmag to 0.9 mag in V for δ Scuti stars), we conclude that SBCF 2 is a δ Scuti star. Using absolute magnitudes and extinctions correspond- ing to spectral types within the allowed range, the calculated distance to SBCF 2 is at least 250 pc.
SBCF 3 (GSC 01619-02513)
In the field of the symbiotic star AS 360 (= QW Sge), the star SBCF 3 (= GSC 01619-02513) oscillated with a peak-to-peak B-band amplitude of 30 mmag, and a period of 2.1 hr. We show the light curve for this star in Figure 5 . There is no object in the SIMBAD database at this position. In the USNO-A2.0 catalog, the B magnitude of this star (USNO-A2.0 1050-14753932) is listed as 12.8, and the R magnitude as 12.4, giving a color for SBCF 3 of B−R = 0.4 mag. The intrinsic color for SBCF 3 is therefore (B − R) 0 ≤ 0.4 mag; if it is a main-sequence star, SBCF 3 must therefore be spectral type A or earlier. Since an A-type star has a radius roughly two or more times that of the Sun, such a star cannot fit within the Roche lobe of a binary with either a 2-hr or 4-hr orbital period (the orbital period of an ellipsoidal variable would be twice the photometric period). To fit within the Roche lobe of a 2-hr binary, a star would need M < 0.3M ⊙ . The oscillation period of 2.1 hr and the restriction on the spectral type indicate that SBCF 3 is likely to be a δ Scuti star.
SBCF 4 (GSC 03645-01592)
SBCF 4 (= GSC 03645-01592 = TYC 3645 1592 1) is the only star within 7 ′ of Z And whose brightness is within 2 or even 3 mag of Z And. In the Tycho catalogue, photometry for GSC 03645-01592 is given as B T = 11.64 ± 0.06 mag and V T = 11.38 ± 0.076 mag. Converting to Johnson magnitudes, we find B = 11.6 ± 0.1 and The paucity of suitable comparison stars, however, made high-quality light curves difficult to produce. An example, which was constructed using an ensemble average of 2 very faint comparison stars, is shown in Figure 6 . The signal-to-noise ratio is lower than for the other light curves, but variability at the level of about 40 mmag peak-to-peak is evident. The variability amplitude of this star was not constant from observation to observation (i.e., month to month), and on at least one occasion, the variations were undetectable. When variations were present, the oscillation period for SBCF 4 was roughly 2 hr. With an intrinsic color (B − V ) 0 ≤ 0.3 mag, the spectral type of this star must be F0 or earlier. As with SBCF 3, a star with such an early spectral type could not fit within the Roche lobe of a binary with the observed (or twice the observed) period. Therefore, with an A-or early-F-type spectrum, and an oscillation period of 2 hr, this star is an excellent candidate δ Scuti star.
Discussion
We analyzed light curves for 131 stars with B magnitude less than 14, that had a typical temporal resolution of 1 minute or shorter. Out of these objects, we found four new pulsating variable stars. The short-period δ Scuti star SBCF 1 is potentially a good candidate for further study, since mode identification might be accomplished with less observing time than for the longer period δ Scuti stars. SBCF 1 is not as bright as some of the other δ Scutis that have been targets for serious asteroseismological efforts, but with the availability of larger telescopes and more sensitive CCDs, the opportunity to use a shorter temporal baseline, and therefore less complex window function, becomes increasingly important. For example, using differential CCD photometry and a 1-m telescope, we were able to obtain the same level of photometric precision (several mmag per point) for SBCF 1 as Viskum et al. (1998) had in their study of FG Vir that resulted in the identification of eight oscillation modes of that star. In addition, unevolved, core H-burning δ Scuti stars have pulsation spectra that are theoretically predicted to be less dense than shell H-burning, evolved δ Scuti stars (Michel et al. 2000) . Asteroseismological studies of this object could thus help achieve broad goals such as testing theories of stellar structure and evolution, and extending the period-luminosity relation to low-amplitude pulsating stars (Petersen & Christensen-Dalsgaard 1999) .
Nearly all currently known δ Scuti stars with oscillation amplitudes below 20 mmag or periods below 0.05 d have been found by individual observers or small collaborations (Rodríguez & Breger 2001) . Therefore, in contrast to the longer period variables that are easily detected by, for example, Hipparcos, MACHO, and OGLE, very little statistical information is currently available about the prevalence of stellar variability in this parameter range. In fact, the studies which heretofore have been most sensitive to rapid, lowamplitude oscillations have primarily examined stars in open clusters, where the detection rate is a function of cluster age 2 (since a different amount of the isochrone will pass through the instability strip for different ages). Therefore, small surveys such as this one, with the ability to detect variations on time scales as short as a few minutes, can provide information that, when considered with large survey results, should improve the predictions of the number of variable stars that will be found with the new generation of searches.
Our discovery rate for low-amplitude pulsators of 3% is higher than the rates that were found with Hipparcos (1%; Eyer 1999), OGLE (0.04 -0.08%; Udalski et al. 1994 Udalski et al. , 1995a Eyer 1999) , or MACHO (< 0.032%; Cook 1997). The difference between these results could be due to the small-number statistics for our survey, or to our better sensitivity in the more highly populated δ Scuti period and amplitude parameter ranges. The number of δ Scuti stars found with Hipparcos dropped off below ∆V ≈ 40 mmag (Rodríguez & Breger 2001) , and the OGLE and MACHO surveys are not sensitive to pulsations with amplitude less than 0.1 mag (Rodríguez et al. 2001) .
The typical periods of δ Scuti stars may be even more relevant for explaining our higher detection rate. The peak of the distribution of all δ Scuti stars with period lies between 0.05 and 0.1 d, and more than 10% of known δ Scuti stars have pulsation periods less than 0.05 d (Rodríguez & Breger 2001) . We had excellent sensitivity to variables with periods in this range. Hipparcos, on the other hand, because of its sampling, discovered very few δ Scuti stars with pulsation period less than 0.1 day, and practically none with pulsation period less than 0.05 day. To put our results in the context of other surveys, ASAS looks for variables at a cadence of one day, and they have detected pulsating stars with periods only down to 0.13 d. The ROTSE all-sky survey found a firm lower limit of 0.2% for the variability fraction in the first analysis of part of their survey, but they are insensitive to oscillations with amplitude less than 0.1 mag (in addition to some period limitations from obtaining data points only twice per day; Akerlof et al. 2000) .
